, whereas Carlson Inlet, which has some similar dimensions and supports a similar driving stress, flows 10-50 times slower. We discuss a range of observations concerning Carlson Inlet, and conclude that there is good indirect evidence that it is a relict ice stream, which ceased streaming more than 240 years BP, but sufficiently recently that its surface morphology, basal water content and basal morphology still retain characteristics produced by streaming. An analysis of expected subglacial drainage pathways indicates that Carlson Inlet is not streaming because it is currently starved of subglacial water, which is currently directed beneath Rutford Ice Stream. This current state of water piracy by Rutford Ice Stream is, however, sensitive to minor thickness changes on the ice streams; a $ $120 m (<4%) thickening of Rutford Ice Stream would divert almost all the subglacial water in the system towards Carlson Inlet and could reactivate its flow. The result highlights the importance of subglacial drainage in controlling ice-stream evolution and the requirement for ice-sheet models to couple ice flow with subglacial drainage.
INTRODUCTION
The shutdown of Kamb Ice Stream (formerly Ice Stream C) around 130 years ago (Rose, 1979; Retzlaff and Bentley, 1993; Anandakrishnan and Alley, 1997 ) is significant because it provides evidence for shutdown of an ice stream over a relatively short period, most probably as a result of diversion of basal water into neighbouring Whillans Ice Stream (formerly Ice Stream B; Alley and others, 1994; Anandakrishnan and others, 2001) . With the emerging evidence that subglacial hydrology can exhibit highly unsteady behaviour (Gray and others, 2005; Wingham and others, 2006b; Fricker and others, 2007) , we are prompted to consider if there are other parts of the Antarctic ice sheet where similar sensitivities exist in ice-stream configuration, that could cause a rapid readjustment of the ice-sheet flow. If such sensitivities prove to be common, it may be difficult to build realistic simulations of ice-sheet evolution without including a coupled model of subglacial hydrology. This paper focuses on Rutford Ice Stream and Carlson Inlet, West Antarctica (Fig. 1) . The discussion is presented in three parts. Firstly, we consider evidence that allows us to test the hypothesis that Carlson Inlet is a relict ice stream. Secondly, we investigate the likely routes of subglacial water transport within the Rutford Ice Stream-Carlson Inlet system, to look for evidence as to why Carlson Inlet is not flowing rapidly at present. Finally, we show that water piracy and possibly flow-switching between Rutford Ice Stream and Carlson Inlet, either in the past or in the future, could be triggered by even modest changes in ice-stream thickness.
RUTFORD ICE STREAM/CARLSON INLET: CONTEXT
It has been argued that Rutford Ice Stream (Fig. 1, inset) is a 'typical' Antarctic outlet glacier (Doake and others, 2001 ). It lies in a deep subglacial trough between the Ellsworth Mountains and Fletcher Promontory, and the ice-flow direction is constrained by this topography. Rutford Ice Stream flows at rates of 300-400 m a -1 . This is rather less than the fastest Antarctic ice streams, and is especially low when we consider that Rutford Ice Stream generates a high driving stress calculated by Doake and others (2001) to be $40 kPa, and, using data presented in this paper (Table 1) , to be $55 kPa for the portion within 100 km of the grounding line. Restraint to flow is generated by both side-wall and basal drag (Frolich and others, 1987) , and some of the reasons for the high basal restraint have been demonstrated by seismic acoustic impedance mapping, which has shown a complex subglacial system with considerable variations in the water content in the sediments beneath the ice. It has recently been confirmed, through mapping of microearthquakes, that where the sediments have high water content much of the ice motion is accommodated by deformation in the till, whereas where the sediments have lower water content there is considerable sliding over the bed (Smith, 2006) . Furthermore, there appear to be rapid rates of erosion and deposition of till beneath Rutford Ice Stream (Smith and others, 2007) .
At its northern end, Rutford Ice Stream shares a $50 km long common margin (Fig. 1a) with Carlson Inlet. Although Rutford Ice Stream is rather longer than Carlson Inlet, other dimensions (width and ice thickness; see Table 1 ) are similar. Furthermore, Carlson Inlet also sits in a deep trough (between Fletcher Promontory and Kealey Ice Rise) and supports a driving stress similar to that of Rutford Ice Stream. However, Carlson Inlet is quite different in one important respect: it flows 10-50 times slower than Rutford Ice Stream. The ice-flow velocity on Carlson Inlet has been measured in several locations (Frolich and others, 1989; Vaughan and others, 2003) and is found to be around 5-35 m a -1 . Such rates are more typical of an ice sheet frozen to its bed than an ice stream. This disparity in ice velocity is clearly shown in the measured velocity data (Table 1) , but can also be seen in the interferometric synthetic aperture radar (InSAR) analysis presented in Figure 1b . This also indicates that across their common margin there is a strong velocity gradient, even though there are few visible crevasses in high-resolution satellite images (e.g. T. Haran and others, http://nsidc.org/ data/nsidc-0280.html). Upstream, Rutford Ice Stream acquires ice from an extended glaciological basin that curves round to the west of the Ellsworth Mountains, while Carlson Inlet appears to have a much smaller catchment basin.
SURFACE AND BED DIGITAL ELEVATION MODELS
Several strands of the following discussion rest on an analysis of the surface and subglacial topography on and around Rutford Ice Stream and Carlson Inlet. We have constructed new digital elevation models (DEMs) of surface and bed for these areas, and some brief description of those DEMs is given below.
Ground-based and airborne ice-thickness measurements collected prior to 2000 were compiled for the BEDMAP project (Lythe and others, 2001) , and included measurements from researchers over the past 25 years (mostly summarized by Doake and others, 2001) . These data were acquired using a variety of techniques. For the present exercise, we selected only data where the uncertainty in ice-thickness measurement was considered less than AE40 m and the uncertainty in the navigation was likely to be <1 km. The British Antarctic Survey has also acquired new icethickness data during airborne surveys conducted in this area during the austral summers 1997/98 and 2001/02 (Fig. 1c) . These data contain uncertainties in ice thickness of around AE20 m (Vaughan and others, 2006) and only a few metres of navigational uncertainty. In addition, ice surface elevation was measured during these flights with an accuracy of AE2 m.
Using these data and a simple gridding routine (Topogrid, ArcInfo version 9.0), we have produced DEMs of surface and bed elevation at a grid spacing of 1 km, and these were subsequently smoothed using a 5 km Â 5 km moving-average filter. In many areas, the data coverage does not warrant such high-resolution gridding, but in the key region around the junction of Rutford Ice Stream and Carlson Inlet it is justified. The bed DEM (Fig. 1d) clearly shows the broad-scale pattern of troughs in which the glaciers sit, but also reveals detail in the bed topography not previously noted, discussed below.
IS CARLSON INLET A RELICT ICE STREAM?
Several previous authors (Frolich and others, 1989; Smith, 2000; Doake and others, 2001 ) have already suggested that Carlson Inlet might have once flowed faster than it does at present and could represent a 'relict ice stream'. However, thus far, no comprehensive discussion of the evidence has been presented. In this section, we discuss evidence relevant to this hypothesis.
Surface morphology
Visible spectrum satellite images for this region have been available since the early 1970s, and their interpretation has already been widely discussed (e.g. Doake and others, 2001 ). The imagery shows that there are clear margins separating Carlson Inlet from both Fletcher Promontory and Kealey Ice Rise. In several ways, these margins resemble those on active ice streams, and between ice shelves and ice rises. They are linear, with few notable kinks or bends, and they express an abrupt change in slope between the relatively flat surface of Carlson Inlet and the sloping flanks of the neighbouring ice rises. However, while we would usually expect to see crevasses in active shear margins, the margins between Carlson Inlet and Fletcher and Kealey ice rises do not contain crevasses; here our interpretation of the satellite images is confirmed by unpublished reports from several aircraft pilots and fieldworkers.
The surface of Carlson Inlet is much flatter than the surrounding ice rises and resembles an ice stream; however, it does not have the undulations that are characteristic of streaming flow, and which are ubiquitous on Rutford Ice Stream (see Fig. 1a ).
Thus Carlson Inlet has some of the morphology typical of an ice stream (the flat surface and linear margins) but does not have the features associated with streaming flow (the surface undulations and crevassed margins).
Basal morphology
Our new DEM of the basal topography beneath Carlson Inlet and Rutford Ice Stream shows a level of detail in the subglacial morphology that has not been previously available. In particular, there is an unbroken ridge ( Fig. 2 ) that runs along much of the length of the bed of Rutford Ice Stream following the current ice-flow direction. This ridge is around 5-10 km wide and up to 500 m high. Although we cannot rule out a structural/tectonic origin for this longitudinal feature, given the high rates of erosion and deposition that have been observed beneath Rutford Ice Stream (Smith and others, 2007) it is more likely that these ridges are an erosional/depositional feature associated with ice-stream flow. Two similar, but lower (up to 150 m high), longitudinal ridges run parallel to the ice flow beneath Fig. 1b ) it is not possible to determine if the features continue beyond this point. Although it would be easy to overstate the significance of these features, the similarity of the ridges beneath Carlson Inlet and Rutford Ice Stream suggests a common, presumably erosional/depositional, origin. The ridges we now see beneath Carlson Inlet may have been formed by fast flow and then truncated as the flow on Rutford Ice Stream became dominant, and are thus at least consistent with the hypothesis that Carlson Inlet is a relict ice stream.
Basal conditions
Seismic reflection measurements of subglacial acoustic impedance (a material property of the substrate immediately beneath the ice) have provided a direct assessment of basal conditions along longitudinal and transverse profiles on both Rutford Ice Stream (Smith, 1997a, b; Vaughan and others, 2003) and Carlson Inlet (Smith, 2000; Vaughan and others, 2003) . These surveys have shown that Rutford Ice Stream is underlain everywhere by wet sediments. In places, these sediments have sufficiently high water content to be dilated and deforming, while elsewhere the sediments are wet but are still lodged (not deforming) (Smith, 1997a, b; Vaughan and others, 2003; King and others, 2004) .
Several profiles of acoustic impedance collected on Carlson Inlet (Fig. 3) show rather different basal conditions (Smith, 2000) . The subglacial material here has acoustic impedances that are substantially lower than would arise from a frozen bed, where the bed is essentially permafrost (e.g. Smith and others, 2002) , but are also considerably higher than seen for deforming sediments under any of the active ice streams studied thus far. Indeed the values of acoustic impedance are higher than even the areas of Rutford Ice Stream that are underlain by wet non-deforming sediments. We thus support the earlier conclusion by Smith (2000) that the material beneath Carlson Inlet is sedimentary and contains water but has a measurably lower water content than is generated by streaming flow, even where subglacial deformation is not present.
This assessment needs to be considered alongside a thermal calculation which indicated that under steady-state conditions Carlson Inlet should be frozen to its bed (Frolich and others, 1989) . The implication from the acoustic impedance mapping, that the sediments beneath Carlson Inlet are wet, means that the calculation is incorrect in some aspect. It is possible that the boundary conditions applied in the calculation were incorrect, that Carlson Inlet overlies crust with unusually high geothermal heat flux or that basal temperature is maintained by a subglacial water supply (see section 5). However, a simpler interpretation is that the steady-state assumption is inappropriate and the water in the sediments beneath Carlson Inlet is a relict of a period when it flowed faster and generated substantially more frictional heat than it does today. This would mean that since streaming ceased, the sediments have become partially dewatered, either by drainage or by freeze-on near the bed (cf. Christofferson and Tulaczyk, 2003) .
Mass balance
Satellite altimeter data have been used to detect changes in the surface elevation of the Antarctic ice sheet in the periods 1992-2003 (Wingham and others, 2006a ) and 1992 (Zwally and others, 2005 . In places, these data show clear signals related to ice dynamics, such as the inflation of the Kamb Ice Stream drainage basin that has been ascribed to an imbalance resulting from its shutdown $130 years ago (Anandakrishnan and Alley, 1997; Joughin and Tulaczyk, 2002) .
The analyses of satellite altimeter data reported by Wingham and others (2006a) indicate that, while most of the Rutford glaciological basin is thickening at rates of $5-10 cm a -1 , the basins feeding Carlson Inlet and Talutis Inlet are thickening at rates of >20 cm a -1 and 10-15 cm a -1 respectively (Zwally and others, 2005) . The latter rates represent a considerable ($20%) fraction of the mean accumulation rate in this area ($400 kg a -1 m -2 ; Arthern and others, 2006). We performed a more detailed assessment of elevation changes at European Remote-sensing Satellite (ERS) orbit crossover locations in each glacier drainage basin. Between 1992 and 2003, the 28 500 km 2 Rutford Ice Stream drainage basin thickened at an average rate of 7.7 AE 1.4 cm a -1 , whereas the 9300 km 2 Carlson Inlet basin thickened at an average rate of 11.4 AE 1.3 cm a -1 . The neighbouring 4800 km 2 basin of Talutis Inlet also appears to be thickening (14.6 AE 3.2 cm a -1 ). Although we cannot rule out that the overall imbalance in this area is due to high accumulation rates over the last decade, there are specific differences in the rates of thickening between the individual basins. And while the signal is nowhere near as clear as that seen between Whillans and Kamb Ice Streams, it may be that the difference between the thickening rates for Carlson Inlet and Rutford Ice Stream is due to a long-term imbalance resulting from shutdown, or deceleration of Carlson Inlet relative to Rutford 
Internal layering
The existence of a layer of buried crevasses seen on Kamb Ice Stream using ice-penetrating radar (Retzlaff and Bentley, 1993) has allowed a date to be estimated for the shutdown of this ice stream. We have collected ice-penetrating radar sections at several locations on Carlson Inlet (see Fig. 1a) ; none has shown similar evidence. Both on the trunk of Carlson Inlet and in its margin with Fletcher Promontory, continuous layering is visible to the maximum depth of the radar penetration (Fig. 4) . In the margin, this depth is 84.3 m (ice equivalent depth calculated using the velocity-density relation given by Robin (1975) ). Given a mean accumulation rate of 320 kg m -2 a -1 (Vaughan and others, 1999) , these layers are around 240 years old.
Given that today the main trunk of Rutford Ice Stream shows only a very few crevasses outside its margins, it would not be sensible to argue that the absence of disturbed layers on the trunk of Carlson Inlet is evidence that it has not streamed. However, the fact that Rutford Ice Stream does generate crevasses along most of the length of its shear margins does seem to imply that the lack of buried crevasses in the margins of Carlson Inlet is evidence that Carlson Inlet has not supported ice-flow rates similar to those currently seen on Rutford Ice Stream. The fact that these layers are unbroken to this depth suggests that streaming flow could not have occurred for at least the last 240 years and must have ceased prior to that date (the same point, but with slightly different values, was made elsewhere: Doake and others, 2001) .
It is possible that the use of a radar system with the capability to sound deeper into the ice might, in future, reveal buried crevasses deeper in the ice and so allow dating of a shutdown of Carlson Inlet. Frolich and Doake (1998) 
Current changes

Summary of evidence
Taken together, several of the lines of evidence discussed above suggest to us that Carlson Inlet may well be a relict ice stream that shut down sufficiently recently that it retains some of the characteristics of streaming. Linear margins that might be remnants of shear margins are still visible; the bed is composed of partially de-watered basal sediments despite the fact that the steady-state calculation suggests that it should be frozen to its bed; there are strong linear basal topographic features that might be relict erosion/depositional features. The shutdown has perhaps left an overall positive mass balance in the area, which may be being expressed in recent thickening rates in the basins. Indisputable evidence such as buried crevasses may still be lacking, but we find no evidence that contradicts the hypothesis. The lack of buried crevasses in one margin of Carlson Inlet does suggest that any shutdown must have occurred prior to 240 years BP.
WHY IS CARLSON INLET NOT STREAMING TODAY?
If Carlson Inlet is a relict ice stream, the obvious question is why it does not support fast flow today. The water-piracy model developed to explain the shutdown of Kamb Ice Stream is a candidate here. However, despite promising work (e.g. Kulessa and others, 2003) , there is no practical Figure 1a . Radar data collected using a PulseEKKO 100 operating at 50 MHz, an along-track interval of $5 m. The original data show that layers to at least 1.6 ms are continuous across the margin.
method for tracking subglacial water transport beneath thick glaciers. For this reason we followed the approach taken by authors who have used the concept of hydrological potential to determine the likely paths of subglacial water transport given a particular glacier configuration (e.g. Sharp and others, 1993; Alley and others, 1994; Flowers and Clarke, 1999) . Here a calculation based on hydrological potential is informative to indicate the likely routes for water transport, which could be an important control on ice flow.
In this case, we calculate hydrological potential, , using a derivation appropriate where water can only exist at the bed at a pressure equal to the overburden pressure of the ice (Sharp and others, 1993) .
where i and w are the density of ice and water, g is the acceleration due to gravity, h i is the surface elevation and z b is the elevation of the ice bottom. Figure 5 shows the directions of the gradients in hydrological potential calculated for the present configuration of the Rutford-Carlson system on the basis of the bed and surface DEMs described above. The representation shows that the water pathways naturally appear to aggregate into preferential pathways, most notably on the western side of Rutford Ice Stream where they follow the deepest trough beneath the ice stream. This result is not sensitive to the detail of the surface DEM, and a similar pattern has been generated using a lower-resolution surface DEM derived purely from satellite altimetry data (Bamber and Gomez-Dans, 2005) . The subglacial watershed between Rutford Ice Stream and Carlson Inlet is also shown in Figure 5 It reveals that under the present conditions the majority of any water produced under both ice-drainage basins will be routed under Rutford Ice Stream. Essentially, the analysis appears to show that Carlson Inlet is currently starved of subglacial water, and suggests that it does not flow fast because of the water piracy by Rutford Ice Stream.
HOW SENSITIVE IS THE RUTFORD-CARLSON SYSTEM?
The analysis in section 5, and the similar one by Alley and others (1994) on Kamb Ice Stream, appear to indicate that particular glaciers are not flowing rapidly because their subglacial water is being captured by a neighbour. To investigate the sensitivity to change that exists in the RutfordCarlson system, we performed a series of perturbation analyses shown in Figure 6a -c. In each, we recalculated the hydrological potential given a perturbation of the present surface DEM intended to simulate a thickening of the ice in particular areas.
To avoid abrupt steps in the hydrological potential, the perturbations we applied to the surface DEM were smooth ones. We applied simple linear ramps to the surface, rising in the negative y direction of Figure 6a shifting it only into other areas of slow ice flow where it is likely that little water is currently being generated. It could thus be argued that such a change is unlikely to affect the system substantially.
A thickening of 4 m km -1 (80 m thickening of Rutford Ice Stream; Fig. 6b ) would result in a rather larger shift in the subglacial watershed, such that Carlson Inlet would capture most subglacial water generated on the interior of its glaciological basin.
A thickening of 6 m km -1 (120 m thickening of Rutford Ice Stream; Fig. 6c ) would be sufficient to alter the system dramatically. This configuration would cause routing of a substantial amount of the water generated in the glaciological basins of Rutford Ice Stream and Carlson Inlet beneath Carlson Inlet. And it is known that considerable volumes of water do exist in these basins (King and others, 2004) . Under this scenario, it is possible that Rutford Ice Stream would be effectively shut down in favour of Carlson Inlet.
These calculations can only be taken as indicative. There may be important subglacial topography that we have not yet resolved in our survey and which could influence subglacial water transport, and it is unlikely that such simple patterns of thickness change would occur naturally. However, the calculation is sufficient to indicate that a high degree of sensitivity exists in the subglacial water transport beneath the Rutford Ice Stream-Carlson Inlet system. Given the rates of thickness change seen over the last decade, it is feasible that a relative thinning of Rutford Ice Stream has caused Carlson Inlet to shut down within the last millennium.
Future behaviour
The present pattern of surface elevation change shown by the satellite altimeter records does not suggest that the Rutford Ice Stream-Carlson Inlet system is moving towards redirecting water transport towards Carlson Inlet. Indeed, further thickening of Carlson Inlet compared to Rutford Ice Stream will act against that outcome. However, this prediction would require that the flow rate of Rutford Ice Stream remains at its present level, and there is now evidence that the velocity of Rutford Ice Stream is extremely sensitive to changes in its boundary conditions. Measurements of surface velocity on Rutford Ice Stream show fortnightly velocity changes of around 20%, that are due to the small changes in basal restraint arising from a non-linear response to the spring-to-neap cycle of the ocean tides (Gudmundsson, 2006) . It is thus not unlikely that a secular velocity change of this magnitude could occur relatively quickly. Elsewhere, velocity changes of around >20% have been observed over a couple of decades (Joughin and others, 2003) . Each year, flow across the grounding line of Rutford Ice Stream removes a volume of ice equivalent to a layer $4 m thick over the entire streaming part of Rutford Ice Stream. Thus, a decrease of 20% in the flow rate of Rutford Ice Stream, even if distributed evenly, would cause a thickening of 0.8 m a -1 . This amounts to a thickening of 80 m within a century, which would be sufficient to begin diverting water towards Carlson Inlet. Similar changes could occur perhaps more slowly by differential changes in accumulation rate between the glaciological basins.
CONCLUSIONS
Several lines of indirect evidence suggest that Carlson Inlet is a relict ice stream that shut down more than 240 years BP. Flow of subglacial water calculated for the current configuration of the Rutford-Carlson system suggests that flow is directed toward Rutford Ice Stream; it is possible that Carlson Inlet shut down because of the effects of water piracy by Rutford Ice Stream.
There is no evidence that streaming flow is restarting on Carlson Inlet at the moment, or that it is imminent; in fact, inflation of Carlson Inlet compared to Rutford Ice Stream as indicated by the satellite measurements of elevation change could imply that it is unlikely in the near future. However, perturbation calculations of the hydrological potentials do indicate a clear sensitivity in the Rutford Ice Stream-Carlson Inlet system, and that thickening of Rutford of <100 m could divert significant volumes of water under Carlson Inlet and thereby reactivate streaming conditions. This is only 3% of the total ice thickness, and a 20% reduction in the velocity of Rutford Ice Stream would promote such an event on a timescale of around a century.
Although we have argued that Carlson Inlet is a relict ice stream, and there is potential for water piracy between Rutford Ice Stream and Carlson Inlet, we do not have conclusive evidence that the shutdown of Carlson Inlet caused diversion of ice flow into Rutford Ice Stream. However, this does seem likely, since at present there is probably insufficient snowfall to maintain equilibrium if both ice streams were to flow at the rate at which Rutford Ice Stream flows today. This is rather different to the situation in the Whillans/ Kamb ice-stream system, where the shutdown of the flow of Kamb Ice Stream has led to a substantial imbalance in the area and significant inflation of the Kamb Ice Stream basin.
Several recent studies from various parts of Antarctica have shown that the movement of water beneath ice sheets is unsteady and potentially periodic (Gray and others, 2005; Wingham and others, 2006b ). This study highlights the (Fig. 1d) and perturbed surface DEM. The subglacial bed DEM is shown for context. The watershed between water drainage that exits the system beneath Carlson Inlet, and that which exits beneath Rutford Ice Stream is shown by a white line, with the watershed for the unperturbed case (Fig. 5) shown by the white dotted line. importance of subglacial water drainage in controlling and maintaining ice-stream flow, and the potential sensitivity of the drainage pathways to ice-thickness changes. Together, they imply that subglacial water transport may be extremely important for a correct understanding of ice-stream and icesheet evolution.
